Abstract: We analyze the degraded performance of QKD that results from mode-dependent diffraction in spatial-mode-encoded QKD systems. A pre-compensation method is proposed to solve this problem without sacrificing the security.
Introduction
The orbital angular momentum (OAM) of light is a promising candidate for d-dimensional quantum key distribution (QKD). The beam has an azimuthally dependent wavefront exp(i θ ) and carries an OAM of h per photon, where is the OAM quantum number. One characteristic of an OAM mode is the -dependent diffraction, which lead to the -dependent far-field beam size [1] and propagation phase (i.e. the Gouy phase for Laguerre Gaussian states). This will give rise to mode-dependent loss for a given finite size of the receiver's aperture and mode-dependent relative phase. Both effects will lead to an increased error rate at the receiver. We propose a compensation method to overcome this problem without sacrificing the security [2] . The experimental data shows that our approach can significantly reduce the error rate and increase the information capacity without sacrificing the security.
Degraded performance of QKD under mode-dependent diffraction
In OAM-based QKD, we use the OAM basis and its Fourier conjugate angular (ANG) basis to encode photons. One particular ANG state j is used to written as:
where | is the OAM state with quantum number . d is the dimension of the Hilbert space and L is the maximum OAM quantum number, which satisfies the relation 2L + 1 = d. Considering mode-dependent diffraction, the OAM spectrum at the receiver will not be uniform, and the ANG spectrum will be broader. The ANG state j is modified as follows:
where A indicates that this is the ANG mode prepared by Alice, B indicates that the state is received by Bob.
is the normalization constant representing the efficiency of ANG state j,F is the propagation operator including the effect of finite aperture size, P j,p is the probability of finding ANG index j + p in ANG basis, and P characterizes the probability of finding the OAM component in the modified ANG mode j. P j,p and P /d are related by a quantum Fourier transform, and one can also check that P j,p = P j+1,p = ··· . The ψ(z) is the propagation phase acquired by each OAM component during the propagation. One can figure out that the crosstalk has been introduced into the ANG basis by mode-dependent diffraction, and hence the errors will be introduced at the receiver. To characterize how the quantum symbol error rate (QSER) changes as a consequence of the diffraction, we assume that the probability distribution of P has a Gaussian shape with variance σ , which characterizes the degree of crosstalk induced by diffraction. A highly lossy channel with long propagation distance will lead to a small value of σ , which means that only the fundamental Gaussian mode can be transmitted. This will lead the loss of information so that no secure channel can be established. We have plotted the QSER as the function of the crosstalk parameter σ in Fig.1 (a). For a given dimension d, strong diffraction (i.e. a small σ ) can significantly increase the QSER even if there is no quantum attack. This will lead to a lower information capacity, and make the system more vulnerable to eavesdropping and quantum cloning because the upper bound of the QSER is fixed for each given dimension d.
Pre-compensation protocol
To reduce the overall loss, we use the minimum energy loss (MEL) modes as the OAM courier [3] . These modes are well-designed self-imaging modes providing a larger spatial bandwidth than conventional top-hat OAM modes or Laguerre-Gaussian (LG) modes. The efficiency of a MEL mode only depends on the Fresnel number N f and the OAM quantum number . We propose a pre-compensation methods using MEL modes to overcome the diffraction-induced defects: Waist pre-compensation (WPC): The transmitter carefully selects her OAM modes so that each mode with different OAM value has different sizes of beam waist but similar loss for the given link, and then use these selected OAM modes to construct the ANG basis. After that, each OAM component will be pre-compensated with an extra propagation phase so that the relative phase between two adjacent OAM states is exp(−i2π j/d).
The experimental verification of the WPC has been performed in a link with N f = 3.96. The crosstalk matrices are shown in Fig.1 (c) and (d) . One can see that the crosstalk in the ANG basis is very small, especially compared with the crosstalk matrix without any compensation, which is shown in Fig. 1 (c) . The QSER measured from the case of no compensation is 14.2% while the QSER with WPC is 6.7%. Therefore, the compensation protocol can significantly reduce the QSER to a lower level. The mutual information between two legitimate parties calculated with WPC can be found as 2.56 bits per photon which is improved from 2.22 bits per photon for the case of no compensation.
Conclusion

